In this preliminary biometric study of the calcareous nannofossil species Chiasmolithus expansus, Chiasmolithus oamaruensis, and Chiasmolithus altus from the upper middle Eocene to lower Oligocene of Sites 647 and 748, we document a complete gradation of forms among all three species. Chiasmolithus oamaruensis has significantly higher morphologic variance than the other species. The Chiasmolithus population at each site changes from C. expansus to C. oamaruensis and then to C. altus. This may not reflect a true evolutionary sequence because a major reversal in shape change of the central cross-bar structure accompanies this sequence, and because C. altus is morphologically closer to C. expansus than it is to C. oamaruensis. The change in the width of the cross-bar structure is primarily a result of changes in the alignment of the central connecting bar, rather than of changes in the cross-bar angle. At Site 748, two fluctuations in morphology produce sample populations intermediate between all three species. In addition, reported stratigraphic and paleogeographic occurrences of C. oamaruensis and C. altus show different latitudinal distributions. These morphological and distributional patterns may be explained by a continuous morphologic gradient between C. oamaruensis and C. altus, with C. oamaruensis occurring more commonly in cool-water paleoenvironments, and C. altus occurring more commonly in cold-water paleoenvironments. Thus, paleoenvironmental fluctuations at Site 748 may be the cause of the morphologic fluctuations in Chiasmolithus. This hypothesis can be tested against previously proposed evolutionary models by more detailed sampling of sections along a latitudinal transect.
INTRODUCTION
The abundance of microfossils in marine sediments makes them ideal for the study of evolution. Integrated biostratigraphies tied to the geochronologic time scale of Berggren et al. (1985) in many Cenozoic deep-sea cores provide the necessary framework for detailed studies on modes and rates of evolution as well as on paleobiogeography and biochronology. Many quantitative evolutionary studies have been done on planktonic foraminifers and radiolarians, but fewer on calcareous nannofossils. Among the latter, Backman (1980) , Backman and Hermelin (1986) , and Pujos (1987) used biometric analyses to understand taxonomic and evolutionary relationships among species of Coccolithus and Reticulofenestra. For the most part, such calcareous nannofossil studies have focused on species with fairly simple morphologies, that is, elliptical placoliths with simple holes in the center. In this paper, we present a preliminary study of a taxon with a more complicated morphology, the genus Chiasmolithus.
Common to abundant, well-preserved specimens of Chiasmolithus occur in complete middle Eocene to lower Oligocene sections at Ocean Drilling Program (ODP) Sites 647 (53°19.9'N, 45°15.7'W; Labrador Sea, Fig. 1 ) and 748 (58°26.45'S, 78°58.89'E; Kerguelen Plateau, southern Indian Ocean, Fig. 2 ). These provided an opportunity to study the transition from Chiasmolithus expansus in the middle Eocene Chiasmolithus oamaruensis (Deflandre in Deflandre and Fert, 1954, p. 146) Hay et al., 1966 "Elliptical, a little thick and slightly arched, with a wide margin and a border marked by fine superficial lines covering the margin; central hole crossed by a transversely disposed X. Holotype: length 17 µm, width 14 µm. Other specimens: length 13-18 µm." [translated from French] Chiasmolithus expansus (Bramlette and Sullivan, 1961, p. 139-140) Gartner, 1970 "Coccoliths large, with closely appressed plates. Both outer and inner slopes of the upper plate narrow, the outer slope steep and slightly concave. Relatively large central opening transversely spanned by a wide, arching X-shaped structure. Length: 15-23 µm. Remarks: These placoliths are distinctive in their large central opening as contrasted with the narrow surrounding rim. They differ from those of Coccolithus oamaruensis (Deflandre) . . . in having a more widely spread X-shaped structure with curved bars, and in the larger proportion of the central opening."
Chiasmolithus altus Bukry and Percival (1971, p. 126) "This small elliptic species is characterized by an elliptic to oblong central opening that is spanned by a delicate X-shaped cross-bar. Typically the bars meet at 90° angles; on some specimens one set of bars is slightly offset. Measured along the short axis, the central area opening is equal to one third the total width of the coccolith. The rim is composed of about 60 elements and is faint in the outer portion in cross-polarized light.
Remarks: Chiasmolithus altus is distinguished from the similar species, Chiasmolithus oamaruensis (Deflandre) , by the smaller central opening and crossbar angles of 90°. Chiasmolithus oamaruensis has a central opening equal to one half the coccolith diameter along the short axis and has crossbar angles of approximately 45° and 135°. Chiasmolithus solitus (Bramlette and Sullivan) is about the same size as C. altus but has a narrower rim that is bright to the margin in crosspolarized light and the crossbar has one set of bars widely offset . . . Size: 10-18 µm."
The distinctions between C. expansus and C. oamaruensis are not clearly denned and are based on degrees of variation (e.g., smaller opening, wider central X). The definition of Bukry and Percival (1971) for C. altus is more restricted than the others, with absolute values for the cross-bar angles and relative hole size, allowing for little intraspecific variation in C. altus. Bukry and Percival (1971) also give a restricted definition for the shape of C. oamaruensis, in contrast with the original definition of Deflandre (in Deflandre and Fert, 1954) .
Both Gartner (1970) and Perch-Nielsen (1985) proposed tentative evolutionary lineages for the species. Gartner (1970) showed C. oamaruensis and C. expansus as each developing separately from C. grandis, and with stratigraphic ranges that do not overlap (Fig. 4) . Perch-Nielsen (1985) showed C. oamaruensis developing from C. expansus and tentatively giving rise to C. altus (Fig. 4) . In her range chart (p. 458, fig.  19 ), however, she showed a gap between the highest occurrence (HO) of C. expansus (CP14a; NP16) and the lowest occurrence (LO) of C. oamaruensis. Firth (1989b) and Wei et al. (this volume) documented the ranges of C. expansus, C. oamaruensis, and C. altus in upper middle Eocene to lower Oligocene sections from the Labrador Sea (Site 647) and the southern Indian Ocean (Site 748), respectively. At Site 647, the range of C. expansus overlaps slightly with that of C. oamaruensis in the upper middle to lower upper Eocene, whereas C. altus occurs sporadically in the upper Eocene and more commonly in the Oligocene (Fig.^5) . At Site 748, C. expansus overlaps with both C. oamaruensis and C. altus in the upper middle to lower upper Eocene, and C. altus is much more abundant through the upper Eocene than at Site 647 (Fig. 5) . The moderate to good preservation of the nannofossil assemblages and fairly good bio-and magnetostratigraphic age control for these two sites provides a good framework for an initial study of the evolutionary relationships of C. expansus, C. oamaruensis, and C. altus.
We will address several questions in this paper, as follows.
1. Are there natural, rather than arbitrary, morphologic breaks between the three species whereby clear lines of separation can be recognized? If so, what are the parameters and the values of the parameters that define the morphologic boundaries between species?
2. Do the original definitions of the three species reflect natural morphological variance? 3. What is the mode of evolution from C. expansus to the two younger species, and what is the nature of the evolutionary relationship between C. oamaruensis and C. altus (i.e., do these species represent a single gradually changing phyletic lineage, or is there one or more cladogenetic events whereby descendant forms branch off from the ancestral lineage and form separate morphologic lineages)?
4. Do environmental factors contribute to the distributions and evolutionary relationships of the three species?
We used biometric analysis of the species using the light microscope, measured the morphologic parameters of all specimens of Chiasmolithus in sample populations without subjective categorizations, and then used the morphological distribution patterns to address our specific questions. Accessory structures do not occur in these species, and the ultra- Note: E = C. expansus, O intermediates.
= C. oamaruensis, A = C. altus, and I = structure of the cross-bars are the same (Gartner, 1970) . The number and curvature of the shield elements of these species were not mentioned in the original descriptions, nor have they been used to distinguish among them. Of the seven criteria that Gartner (1970) outlined for distinguishing species of the genus, three (placolith size, hole size, and shape of the cross-bars) are important in differentiating C. expansus, C. oamaruensis, and C. altus.
METHODS
For this preliminary study of the Chiasmolithus group, ten samples each were selected for analysis from Sites 647 and 748 (Table 1 and Fig. 5 ). Each sample from Site 647 was assigned a letter code (A through J), and each sample from Site 748 was assigned a number code (1 through 10) to help us display the results in the figures (Table 1 ). The samples were chosen based first on the abundance of Chiasmolithus spp. in the sample (as this varied through each section), and second on the best preservation of the Chiasmolithus group (even moderately preserved nannofossil assemblages may have Chiasmolithus specimens with their central cross-bars broken or dissolved). The upper middle Eocene to lower upper Eocene appears to be a crucial interval for the change from Chiasmolithus expansus to the other two species; thus, more samples were chosen from this interval. These criteria resulted in uneven sample spacing both in hole depth and time.
Each sample listed in Table 1 was assigned an age based on age/depth curves constructed from integrated biostratigraphic and magnetostratigraphic datums. The datums and age/depth curve for Site 647 are taken from Firth (1989b ), Shipboard Scientific Party (1987 , and Clement et al. (1989) and are presented in Table 2 and Figure 6 . Magnetostratigraphic datums are scarce in this section because of rotary drilling. We considered the first occurrence (FO) of Sphenolithus ciperoensis and the last occurrence (LO) of Coccolithus formosus to be reliable tie-points for the age/depth curve in the Oligocene because of their geochronologic reliability (Wei and Wise, 1989) . Reticulofenestra umbilica shows a marked decrease in abundance above the LO of C. formosus, associated with a lithologic change, and before its final extinction Datum Depth (mbsf) Notes: Ages for datums are from Berggren et al. (1985) , except for those that are from 3 (= Wei and Wise, 1989) . Datums are from 1 = Firth (1989b), 2 = Shipboard Scientific Party (1987), and 4 = Clement et al. (1989) . N = calcareous nannofossils, F = foraminifers, D = diatoms, and M = paleomagnetism.
Age (Ma)
30 32 Table 2 for list of datums. (Firth, 1989b) . This pattern, seen also by Wei and Wise (1989) in the Weddell Sea and by Backman (1987) Clement et al. (1989) at 400 m below seafloor (mbsf). This we interpret as representing the top of Chron C17. We also use the bottom of Chron C18 normal and the top and bottom of Chron C19 normal as tie-points, following the interpretation of Clement et al. (1989) . Several calcareous nannofossil and planktonic foraminifer datums, however, do not agree with this interpretation. An alternate age/depth curve using these datums rather than that of Chron C18 normal, is shown by a dashed line (Fig. 6 ). This would indicate a lesser age than we have used for the five deepest samples studied at Site 647. The age/depth curve for Site 748 ( Fig. 7) , which has somewhat better magnetostratigraphic control because of piston coring, follows that of Wei et al. (this volume) . Smear slides were made from each sample. Random transects across each smear slide were made to select the first 50 horizontal, unobstructed, well-preserved specimens of Chiasmolithus. Each specimen was photographed by means of a Sony UP-811 video screen printer that was connected to a video camera mounted on a Zeiss Photomicroscope III. The high-quality images were measured with a digitizer.
Before measuring each specimen, we assigned it to one of four categories: C. expansus, C. oamaruensis, C. altus, or intermediate forms (Table 1) . We performed this classification procedure to be able to relate the results of the biometric study (i.e., the values of scores in principal component space) to the species concepts as they are generally used. The observations and conclusions in this paper are based on the biometric analysis, not on this classification. The type descriptions of each species were used as guidelines to identify each specimen, and specimens that did not clearly fit into any species category were called "intermediate." End-member forms that closely resemble the holotypes of each species, are easily classified. Endmember forms of C. expansus show a central X that is much broader along the major axis of the placolith than along the minor axis (e.g., Plate 1, Fig. 13 ). End-member forms of C. oamaruensis have a central X that is much more narrow along the major axis of the placolith than along the minor axis (e.g., Plate 2, Fig. 12 ). End-member forms of C. altus have a central X that is symmetrical and has cross-bars at 90°( e.g., Plate 1, Fig. 8 and Plate 2, Fig. 13 ) with very little or no offset. Forms that show morphologic variation away from the end-member forms are less easily classified. Our subjective classification is probably not completely reproducible, although it agrees well with the reported ranges and abundances of the three species by Firth (1989b) for Site 647 and by Wei et al. (this volume) for Site 748. At each site, the oldest sample contains primarily Chiasmolithus expansus, the intermediate-age samples contain primarily C. oamaruensis, and the youngest sample contains primarily C. altus or a mix of C. oamaruensis and C. altus.
The eccentricity (length/width ratio) of Chiasmolithus has not been used to distinguish species differences, and it does not show noticeable changes in our samples. Therefore, we assumed that eccentricity is fairly constant and have chosen to measure only width of specimens to characterize their size. Likewise, we assumed that the eccentricity of the central hole was constant, and we have chosen to measure only the width of hole to characterize hole size. The type descriptions of the species compare the differences in relative, not absolute hole sizes; therefore, we use the ratio (hole width)/(overall width) to characterize relative hole size. We digitized 12 points on each specimen to derive the following parameters: overall width, width of hole, width of X, length of X, width of central bar, and length of central bar (Fig. 8) . These parameters are not good for an analysis of changes in shape because variations in their values caused by placolith shape change are compounded with variations caused by absolute size change. Therefore, we selected overall width to represent overall size change, and constructed the hole width/width ratio, X width/length ratio, central bar width/length ratio, and central bar width/hole width ratio to represent shape change.
We chose principal components analysis (PCA, using the program BMDP4M) as a data reduction method of the measured parameters and ratios to discern the relationships between the variables and to look for patterns of variation in the data. This analysis produces orthogonal principal component axes that explain 100% of the variation of the data in multivariate space. The data for both sites were combined in one analysis so that principal component scores could be compared between the two sites.
RESULTS

Site 647
The analysis produced two principal components (Table 3) . The variables describing the cross-bar shape loaded heavily on Principal Component 1, whereas the variables describing size and relative hole size loaded heavily on Principal Component 2. Scatter plots of scores of all specimens at Site 647 (Fig. 9) show a complete range of morphological variation with no discernible gaps in morphologies. The greater density of points toward the C. expansus morphology is mainly because of the more frequent sampling in the middle Eocene. The outlines of the oldest (middle Eocene) sample, an earliest Oligocene sample, and the youngest (early Oligocene) sample show the morphological position and variance of end-member populations of C. expansus, C. oamaruensis, and C. altus, respectively. There is a full range of intermediate morphologies between these end-member forms.
Plots of principal component scores of all specimens in each sample at Site 647 (Fig. 10) show several interesting features: (1) every sample population appears unimodal (i.e., no bimodal distributions involving separate end-member groups are seen in any single sample); (2) overlaps in morphologies are seen between all adjacent samples; (3) the morphological variance is larger within samples that include end-member forms of C. oamaruensis, whereas samples containing end-member C. expansus and C. altus show smaller morphological variance; (4) the youngest samples of Oligocene age overlap considerably in morphology with the oldest samples of middle Eocene age.
The mean principal component scores for each sample from Site 647 (Table 4 and Fig. 11 ) are plotted to elucidate the morphologic change from sample to sample throughout the section. Arrows are included to show the sequence from the oldest sample to the youngest. This pattern shows an apparent pathway from C. expansus to C. oamaruensis to C. altus, with most of the morphologic change caused by differences in cross-bar shape and a lesser amount of change caused by differences in size and relative hole size. Notes: HWR = hole width/width ratio, XR = X length/width ratio, CR = central bar length/width ratio, CHR = central bar width/hole width ratio. -2-10 1
Principal Component 1 Figure 10 . Plots in principal component space of Chiasmolithus specimens in each sample at Site 647. Samples are identified by letters A through J (see Table 1 ).
explains the mixed species composition that we observed for these samples (Table 1) . If this pattern reflects the true evolutionary development between the species, it would support the evolutionary lineage suggested by Perch-Nielsen (1985) . Two features complicate this picture, however: (1) the morphological pathway shows a major reversal in cross-bar shape change in that it first becomes narrower toward C. oamaruensis and then becomes broader toward C. altus; (2) the youngest form, C. altus, is much closer morphologically to C. expansus than it is to C. oamaruensis. The overlap in morphology between C. expansus and C. altus suggests that they are more closely related evolutionally than would be the case if C. altus developed from C. oamaruensis. The intermediate samples (D, E, and I) are also not completely separate but do overlap with each other (Fig. 10) . We performed some basic statistical tests on the data to determine whether the pattern of change in principal component values from sample to sample was significant. First, we performed two-sided F-tests on selected sample pairs to see whether the variances in each sample are the same (Table 5) Figure 11 . Plots of mean sample scores in principal component space for Sites 647 and 748. Arrows indicate the direction from the oldest sample to the youngest sample at each site.
Principal Component 2 axis were tested with the Principal Component 2 sample variances. Samples containing C. oamaruensis have significantly different variances at the 95% level from those containing C. expansus and C. altus. A plot of the sample means vs. sample variances for Principal Component 1 at Site 647 shows increased variance toward the C. oamaruensis morphology and decreased variance toward the C. expansus and C. altus morphologies (Fig. 12) .
Based on these results, we assumed uncommon variance between samples and performed two-sided t-tests on selected sample pairs to see whether the respective mean principal component scores (for either principal component separately) are significantly different (Table 6 ). Most sample pairs were found to have significantly different means. The test for Samples B and C along Factor 2 barely failed to reject the null hypothesis at the 95% level. Thus, without rigorously testing every possible combination of sample pairs, it is fair to conclude that any two samples separated by a distance in principal component space similar to or less than that between Samples B and C should have sample means not significantly different at the 95% level. Sample means separated by a distance that is at least as far as Samples A and C should test significantly different at 95%. Therefore, the overall pattern of change in mean principal component scores does reflect significant morphologic change in the Chiasmolithus populations.
Site 748
The distribution in principal component space of all specimens measured from Site 748 are shown in Figure 9 . The oldest (middle Eocene) and youngest (early Oligocene) samples representing C. expansus and C. altus, and a sample of late middle Eocene age representing C. oamaruensis are outlined, similar to those outlined at Site 647. Site 748 shows a closer distribution of points, with more overlap between the end-member samples and fewer extreme end-member forms of C. oamaruensis than at Site 647. As at Site 647, there is a continuous morphological spectrum without apparent gaps that clearly separate the end-member forms. Scatter plots of each individual sample at Site 748 are shown in Figure 13 . The same four features seen at Site 647 are also evident at Site 748. One exception to this is that Sample 10, of early Oligocene age, does not show significantly smaller variance than late Eocene samples of C oamaruensis. The position of this sample in principal component space approximates that of Sample I at Site 647. Sample I occupies an intermediate position between the C. oamaruensis endmember Sample H and the C. altus end-member Sample J. Sample 10, therefore, may not be truly representative of C. altus populations occurring throughout the lower to upper Oligocene at Site 748 (Wei et al., this volume) . Samples younger than Sample 10 need to be analyzed to determine whether this is true.
The distribution pattern of the mean principal component values for each sample shows a more complicated pattern than that at Site 647 (Table 4 and Table 1 ).
( Tables 5 and 6 ). These show that the change in mean sample values at Site 748 represent significant morphologic change in the Chiasmolithus populations. The pattern of increased sample variance associated with the C. oamaruensis morphology and decreased sample variance associated with the C. expansus and C. altus morphologies is not as clearly seen at Site 748 as at Site 647 (Fig. 12) . Samples 6 and 9 do show greater sample variances than most other samples; however, Sample 10, with an intermediate morphologic position, also displays a large sample variance.
DISCUSSION AND COMPARISON OF RESULTS
At both sites, we see a complete spectrum of morphologies between extreme end-member forms of C. expansus, C. oamaruensis, and C. altus. The absence of discrete morphologic breaks between end-members, the presence of samples of intermediate morphologies, and the overlap in morphologies between all adjacent samples implies that definite parameters outlining natural boundaries between species cannot be established. Consequently, recognition of the range of occurrences of the three species is necessarily subjective and may vary among paleontologists. This may explain, in part, the variability seen in the range of C. oamaruensis reported by Wei and Wise (1989) .
The small amount of variance in the C. altus population in Sample J supports a restricted definition for that species. Most specimens of C. altus, however, do not display the exact 90° cross-bar angle or the exact relative hole size of one third the placolith size defined by Bukry and Percival (1971) . The C. expansus sample populations also show a naturally small variance in the middle Eocene at both sites, which would support a restricted definition for that species. C. expansus, however, does not have a larger relative hole size than C. oamaruensis, as Bramlette and Sullivan (1961) indicate. The naturally larger variance of the C. oamaruensis morphology does not support the restricted definition of this species by Bukry and Percival (1971) . Specimens with very narrow cross-bars and specimens of intermediate morphology with almost symmetrical cross-bars coexist. Paleontologists may, in practice, commonly group them all in the single species C. oamaruensis, rather than distinguish intermediate forms. The vague description of C. oamaruensis by Deflandre (in Deflandre and Fert, 1954) , reflects the naturally large morphologic variance of this species.
More closely spaced sampling, as well as analysis of material at other localities, is needed before any conclusions can be made concerning the mode of evolution of these three species. This initial study does bring out some interesting features that may serve to direct future studies. The unimodal distributions in all samples indicate a lack of evidence for cladogenetic events between any of the species in these samples. Furthermore, extreme end-member species do not coexist; rather, intermediate samples contain intermediate morphologic distributions (e.g., Samples D, E, and I at Site 647 and Samples 2, 3, 8, and 10 at Site 748; Figs. 10 and 13 ). This argues against a model of two completely separate morphospecies co-occurring in the late Eocene to early Oligocene. Consequently, the reported cooccurrence of C. altus and C. oamaruensis throughout the upper Eocene at Site 748 by Wei et al. (this volume; also Fig. 5 ) may be interpreted as morphologically intermediate populations arbitrarily split into two species, rather than as the co-existence of two discrete end-member populations. Large fluctuations in the abundances of the two species reported by Wei et al. (this volume) , however, are reflected by the morphologic shifts seen in Samples 3 and 8.
The existence of the C. altus morphology as part of the C. expansus populations in the middle Eocene at both sites, and the existence of sample populations intermediate between the three species in the middle and upper Eocene at Site 748 are not easily explained by a phyletic evolutionary lineage from C. expansus to C. oamaruensis to C. altus. Neither would the existence of such a lineage explain the occurrence of common C. altus and the paucity of C. oamaruensis through the upper Eocene at Sites 689 and 690 (Wei and Wise, 1990a) . Possibly, different environmental factors at Sites 647 and 748 contributed to the different patterns of morphologic change seen at each site. If so, this could obscure the species true evolutionary pattern. Haq and Worsley (1982, fig. 1 ) pointed out the problem of mistaking the gradual replacement of one ecophenotypic variant of a species by another variant as an evolutionary change. Such a replacement pattern could be reversed several times as the environment fluctuated.
The stratigraphic distribution of the principal component values of each sample at both sites are plotted in Figure 14 along with oxygen isotopic data from Site 748 (Zachos et al., this volume). Wei et al. (this volume) consider population changes in cold-water nannofossil taxa to be more sensitive to surface-water temperature changes at Site 748 than the δ 18 θ data. Therefore, the percent abundance of cold water taxa {Chiasmolithus spp., Isthmolithus recurvus, and Reticulofenestra daviesii, as determined by Wei and Wise, 1990b) calculated by Wei et al. (this volume) for Site 748 are also shown. We calculated similar percentage abundances of the same taxa, based on counts of 300 specimens per sample, for part of the section at Site 647. Because the sample ages and spacing are unequal between sites, it is difficult to make direct comparisons of the two patterns of morphologic change. At Site 748, Samples 6, 7, and 9, representing the C. oamaruensis morphology, coincide with low percentages of cold-water taxa, as well as δ 18 θ values indicative of higher temperatures. The shifts toward a more intermediate and C. altus morphology in Samples 8 and 10 correspond to peaks in cold-water taxa. The δl8 O curve suggests that a shift toward cooler temperatures occurred in the early Oligocene, but a similar shift is not recorded in upper Eocene Sample 8. This pattern might suggest that C. altus represents a colder water morphology, whereas C. oamaruensis represents a cooler (not necessarily warm) water morphology. Support for this interpretation may come from the reported distributions of these species (Fig. 15) , where C. altus displays higher abundances and longer ranges than C. oamaruensis in the highest latitude sites. Wei and Wise (1990a) also observed this distributional pattern. At Site 647, however, the C. oamaruensis morphology corresponds to peaks in cold-water taxa in the upper Eocene and lower Oligocene-a relationship opposite of what the pattern at Site 748 might suggest. We need more detailed sampling in these sections as well as at other sections with good paleoenvironmental and stratigraphic control if we are to clarify the environmental affinities as well as the evolutionary relationship of C. expansus, C. oamaruensis, and C. altus.
CONCLUSIONS
A principal components analysis of Chiasmolithus from the upper middle Eocene to the lower Oligocene of Sites 647 and 748 revealed the following: 1. A complete intergradation of forms exists between C. expansus, C. oamaruensis, and C. altus. Changes in the population morphologies between adjacent samples are gradual and include transitional forms. No clear lines of separation can be made between the three species; therefore, differentiation between species remains largely subjective.
2. Morphologic variance within sample populations is significantly greater in C. oamaruensis than in C. expansus or C. altus. Consequently, significant morphologic changes from more intermediate sample populations to end-member populations of C. oamaruensis may be unrecorded because of a very broad species concept of C. oamaruensis. On the other hand, small but significant shifts in morphology away from the restricted end-member populations of C. expansus and C. altus may simply be recorded by paleontologists as increases in abundance of C. oamaruensis without mention of intermediate forms.
3. An apparent pattern of morphologic development from C. expansus to C. oamaruensis to C. altus at Site 647 may reflect the hypothetical evolutionary trend proposed by PerchNielsen (1985) for these species. However, a simple phyletic lineage, with C. oamaruensis occupying the intermediate position between the other two forms, does not easily explain the reversal in shape of the central X from C. expansus to C. oamaruensis to C. altus, or the close morphological similarity (and overlap) between C. altus and C. expansus seen at Sites 647 and 748.
The absence of bimodal distributions in any sample does not support a cladogenetic model for the development of the two younger species from C. expansus, although more detailed sampling in these and other sites may provide evidence for such a model. Bukry and Percival (1971) Discussion. According to the discussion in Bukry and Percival (1971) , and to the schematic diagrams in Perch-Nielsen (1985, p. 461, fig. 22 ) of the cross-bar structures of the various species, the differences between the cross-bars of the three species are a result of changes in the angle at which they meet; that is, C. expansus has curved cross-bars with the acute angle bisected by the long axis of the placolith, C. oamaruensis has cross-bars with the acute angle bisected by the short axis of the placolith, and C. altus has cross-bars that meet at right angles. However, we measured the cross-bar angles from the published photographs of the holotypes of all three species and found somewhat different configurations for C. expansus and C. oamaruensis. In C. expansus, the acute angle (about 65°) is bisected by the short axis of the placolith and the obtuse angle (about 115°) is bisected by the long axis, whereas in C. oamaruensis the slightly acute angle (about 85°) is bisected by the short axis and the slightly obtuse angle (about 95°) is bisected by the long axis. The holotype of C altus has approximately 90° angles between cross-bars (Fig. 16) .
Measurement of the angles of the three end-member samples from Site 647 (Fig. 16 ) gave the following mean angles bisected by the short axis of the specimens: Sample A (C. expansus) = 68.9°; Sample H (C. oamaruensis) = 81.1°; Sample J (C. altus) = 92.3°. The angles between the cross-bars show a relationship opposite to that suggested by Perch-Nielsen (1985) . In C. expansus, which has the widest central X, the short axis of the placolith bisects the most acute angle of the three species, rather than the most obtuse angle. Therefore, the narrowing of the X is not caused by a shift toward more acute angles bisected by the short axis.
A reexamination of the cross-bar structures reveals a central bar that connects the cross-bars (Fig. 17) . The orientation of this bar, either along the long axis or the short axis of the placolith, affects the width of the X. As the length of the bar shortens, the X narrows, even without a change in the angles of the cross-bars (Fig. 17) . When the central bar becomes equally as wide as it is long, the cross-bars meet at the center, as in C. altus. Further constriction of the central bar reverses the long and short axes, so that the cross-bars are separated by a bar parallel to the short axis of the placolith, as in C. oamar- uensis. Thus, the X length/width ratio of the specimen is largely affected by the central bar length/width ratio.
Chiasmolithus altus differs from C. expansus in that it is generally smaller, has a smaller relative hole size, slightly shorter central bars, and cross-bar angles closer to 90°. Chiasmolithus oamaruensis differs from C. expansus by having a central bar parallel to the short axis rather than the long axis, and slightly more obtuse cross-bar angles bisected by the short axis. Chiasmolithus oamaruensis differs from C. altus by having generally larger relative hole sizes, central bars aligned along the short axis, and slightly more acute cross-bar angles bisected by the short axis. The curvature of the cross-bars noted by Bramlette and Sullivan (1961) for C. expansus occurs in some, but not in all, specimens of that species. In many specimens, including the holotype of C. expansus, small crystallites on the outer edges of the cross-bars will "round-off" the angles where the cross-bars meet both the central bar and the inner rim of the placolith. This lends an apparent curvature to the cross-bars although the central axes of the cross-bars are, in fact, straight. This apparent curvature of the cross-bars also is evident in many specimens of C. oamaruensis and C. altus.
Because of the presence of many intermediate forms, it is difficult to specify limits to the ranges of the parameters of each species so that they can be distinguished from one another. The definition of Bukry and Percival (1971) for C. altus as having a hole size one third the width of the placolith is too restricted in range. The mean hole width/placolith width ratio of Sample J (Site 647, C. altus) is 0.44. The same ratio for Sample A (Site 647, C. expansus) is 0.50. A median cutoff value of 0.47 between them would not be practical, especially because the mean value for Sample 1 (Site 748, C. expansus) is 0.48. Likewise, setting the limits for the X length/width and central bar length/width ratios would be arbitrary and not completely satisfac-tory. Although end-member forms can easily be separated, the presence of transitional forms suggests that the Chiasmolithus population of the upper Eocene to lower Oligocene, within the range of C. oamaruensis, should be treated as one variable complex.
